An active and passive mode-locked Nd:glass double laser system is built-up. It consists of two gain branches and a common antiresonant ring. The electro-optic Q-switch, the acousto-optic modulator and the saturable absorber are incorporated in the antiresonant ring. A Nd:phosphate glass rod, a Nd:silicate glass rod, and birefringent tuning elements are in the separate gain branches. Time synchronized pulses of 15 ps duration were be tuned over a frequency region of 0 to 200 cm"" 1 ,
Introduction
Time synchronized frequency tunable picosecond light pulses are needed in many time resolved spectroscopic experiments (e.g. CARS studies, all kinds of pump and probe techniques) [1] [2] [3] [4] [5] . Fixed-frequency, time-synchronized picosecond light pulses have been obtained by harmonics generation [6] [7] [8] , stimulated Raman scattering [6, 7, [9] [10] [11] , and Stokesanti-Stokes Raman interaction [11] [12] [13] . Frequency tunable time-synchronized ultrashort light pulses have been generated in parametric generator-amplifier systems [14] [15] [16] , laser generator-amplifier systems (amplified spontaneous emission) [17] [18] [19] [20] [21] [22] [23] , and synchronous pumped lasers [24] [25] [26] [27] [28] . The synchronous pumping of two dye lasers with a modelocked pump laser allowed the independent frequency tuning of both dye lasers [25, 26] . In some pump and probe experiments intense laser pulses are combined with picosecond or femtosecond light continua (for reviews see [29, 30] ).
In this paper we describe a mode-locked Nd:glass double laser system which allows the time-synchronized generation of two frequency tunable pulse trains. The tuning range is limited by the spectral luminescence width of the two applied Nd:glass rods. Intense picosecond light pulses of 15 ps duration and a frequency difference between 0 and 200 cm ~1 have been generated.
Experimental
The experimental setup of the time-synchronized, frequency tunable double-pulse laser is shown in fig.  1 . The system consists of two laser branches with a common antiresonant ring. The resonator branches have separate gain media (Nd: phosphate glass Schott LG703 and Nd:silicate glass Schott LG 680) and frequency tuning elements (birefringent filters [31 ] ). The common antiresonant ring (Sagnac interferometer [32] [33] [34] ) incorporates an electro-optic Qswitch consisting of a half-wave voltage double Pockets cell and two stacked-Brewster plate polarizers [35] , an acousto-optic modulator for active loss modulation [36] , and a saturable absorber for passive mode-locking [37] . The common Q-switching, active, and passive mode-locking in the antiresonant ring leads to the time-synchronized simultaneous generation of two picosecond pulse trains which are frequency tuned independently by the birefringent filters in the gain branches. The Nd:phosphate glass laser is pumped by two Xe flashlamps in series which are connected to a capacitor bank of 500 |iF. The Nd:silicate glass laser is operated with two Xe flash- lamps in parallel whereby each lamp is connected to a capacitor bank of 500 nF.
Two-branch lasers with a common antiresonant ring part have been proposed in the literature [32, 34, 38] . Colliding pulse mode-locking of picosecond [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] and femtosecond [50] [51] [52] lasers in antiresonant ring arrangements is a frequently used technique. In ref.
[53] a frcqu9ncy tunable picosecond laser is described which has a mechanical Qswitch, saturable absorber and acoustic-optic modelocker in the antiresonant ring.
The pulse trains of the two-branch laser are analysed. The pulse energies are registered by the photodetectors PD1 and PD3 which are calibrated by a pyroelectric energy meter (Gentec type ED100A). The peak pulse intensities are determined by energy transmission measurements through the saturable absorber cells ID1 and ID2 (Kodak dye No. 9860, small signal transmission r () = 0.173) with the photodetector PD1, PD2 and PD3, PD4 [ 54 ] . The spectra are recorded with a 25 cm grating spectrometer and a vidicon.
The pulse durations are measured by the two-photon fluorescence technique using a colliding pulse arrangement (not shown in fig. 1 ) [ 55 ] . The half-width Ar (fwhm) of a fluorescence trace S(z) (measured at the signal height [S(ao) + S(0)]/2) is related to the auto-correlation time AT by AT=2nAz/c 0 and the relation between pulse duration A/ L and the autocorrelation time AT is A/ L =Ar/j\ n is the refractive index of the two-photon absorbing dye solution at the laser frequency and c 0 is the vacuum light velocity, y depends on the temporal pulse shape. For gaussian pulse shapes it is )-=2 ,/: [56, 57] . 
Results
The performance data of the double-laser system are determined for the active mode-locked (without saturable absorber) and the hybrid mode-locked operation (simultaneous acousto-optic and passive mode-locking).
Total output laser energy
The total output pulse energy of each laser branch versus the input energy to the flashlamps is plotted in fig. 2 . The double laser is mode-locked acoustooptically. The Q-switch opens 600 jis after firing the lamps. With increasing pump energy the output laser energy rises linearly above the laser threshold. Many mode-locked spikes are formed with increasing pump voltage [58] . The differential plug-in slope efficiencies of both branches are [59] (Nd;phosphate) = lXl0- 4 and >/" (Nd:silicate) = 6.3x 10 " 5 . The hybrid mode-locked double laser is operated slightly above the laser threshold (flashlamp pump voltage approximately 50 V above threshold). The saturable absorber Kodak No. 9740 [60, 61 ] with a single-path small signal transmission of 7o = 0.7 is used for passive mode-locking. In this case only single pulse trains are formed with an output pulse train energy of approximately 5 mJ for each branch.
Laser build-up time
The laser build-up time / bu versus excess flashlamp voltage (voltage above laser threshold) is displayed by the solid curves in fig. 3 for the active mode-locked laser. f bu is defined as the time difference between the positions of the peak of the first laser spike and the moment of opening the electro-optic Q-switch. The jitter of the build-up time <r tibu is shown by the dashed-dotted curves in fig. 3 . At a excess flashlamp voltage of 300 V the laser build-up time is shortened to approximately 800 ns, and the build-up time jitter (dash-dotted curves) is reduced to about 20 ns indicating a good temporal synchronization of both laser branches.
The hybrid mode-locked double laser system (small-signal saturable absorber transmission 7o^0.7) gives a good temporal overlap of the pulse trains of both branches already slightly above the laser threshold ( T e^5 0 V). The laser build-up time is of the order of 3 JIS, but the temporal jitter between the peak train positions of both branches is only a few tens of nanoseconds. The bleaching of the saturable absorber synchronizes both laser branches (high round-trip gain for both lasers within opening time of saturable absorber).
Pulse train length
The dependence of the pulse lengths, t l/2 (fwhm, first spike) on the excess flashlamp voltage is displayed by the dashed curves in fig. 3 . The double laser system is actively mode-locked. in a good temporal overlap of the pulse trains (pulse halfwidth» temporal build-up time jitter).
The pulse train widths of the hybrid mode-locked laser system (T 0 =0.7, l>50 V, /> ao *5 W) are /, /2 (Nd:phosphate150 ns and t x/2 (Nd:silicate) *250 ns.
Output peak pulse intensity
The output peak pulse intensities of the actively mode-locked double laser system at the first pulse train maxima are approximately 1.8 X10 
Spectral tuning
The laser tuning of the active mode-locked double laser system is illustrated in fig. 4 definite situation would be obtained by single pulse selection.
Temporal characteristics
The pulse durations of the acousto-optic modelocked laser branches have been determined by intensity, energy, and beam cross-section measurement. At an excess flashlamp pump voltage of F E « 300 V (good time synchronization of both laser branches) and an acousto-optic mode-locker driver power of P ao *2 W pulse durations of the order of 200 ps were estimated.
The pulse durations of the hybrid mode-locked Nd: silicate laser branch have been measured applying the two-photon fluorescence technique. For f r e *50 V, /> ao *5 W, and T 0 (No. 9740) =0.7, pulse durations of A/ 2 = 15 ± 3 ps and contrast ratios of 2.7 ±0.3 have been obtained. The threshold flashlamp voltages are V th (Nd:phosphate) % 1800 V and V lh (Nd:silicate) ^ 1500 V. Pumping the laser system with excess flashlamp voltages K e £l00 V resulted in multiple pulse emission within the envelope of the acousto-optic mode-locked pulse width. Small signal transmission r 0 £0.80 of the saturable absorber have been found to be not sufficient to obtain good temporal overlap of the pulse trains of both branches for excess voltages K c^5 0 V.
The cross-correlation of the hybrid mode-locked laser system with f e =50 V, P ao =5 W, and T 0 (No. 9740) = 0.7 was found to be AT c «21 ±4 ps, indicating that the Nd: phosphate glass laser and the Nd: silicate glass laser give about the same pulse durations ( AT C = [ (At,) 2 + (At 2 ) 2 ] 112 ). For this experimental situation the synchronization jitter between the pulses of both trains was found to be a lp «5 ps. The temporal pulse jitter is small compared to the temporal pulse width.
Conclusions
The performance of a time-synchronized picosecond double-frequency Nd:glass laser system has been investigated. Pulses of 15 ps duration with a synchronization jitter of 5 ps have been generated. The frequency difference between both lasers could be tuned continuously between 0 and 200 cm"
1 . The laser system may be applied to many experiments of time-resolved nonlinear optical spectroscopy where two intense laser pulses of slightly tunable wavelengths are needed.
